Abstract. The paper firstly introduces the trilateral positioning and Taylor series expansion. In order to solve the problem of low positioning accuracy of trilateral positioning and being sensitive to the initial value of Taylor series expansion, the paper proposes an indoor co-location algorithm based on the trilateral positioning and Taylor series expansion. Next, an actual indoor position system is designed based on the proposed algorithm. The experimental results show that the co-location algorithm improves positioning accuracy and reduces error, which is suitable to the actual indoor positioning.
Introduction
With the rapid development of the mobile Internet, more and more indoor applications are gradually penetrating into every aspect of our lives which call for a high demand of positioning precision and accuracy. The Global Positioning System (GPS) has been used in many scenarios, providing a good location-based service for the outdoor applications. However, the GPS positioning requires clearance to maintain the smooth flow of satellite communication links, besides, roof and wall of interior architecture will attenuate and disperse the satellite signal, which causes the weak penetration of the satellite signal and the fast fading, so the GPS positioning is not suitable to the indoor positioning. To solve the problem, various indoor positioning come into being.
According to the positioning technology, indoor positioning technologies include WiFi positioning, Bluetooth positioning, Ultra-Wideband positioning, light positioning [1] , Zigbee positioning, RFID positioning [2] . According to the positioning principle, the indoor positioning algorithm can be divided into range-based and non range-based algorithm. The non range-based algorithms do not need to measure the distance between nodes, including centroid localization algorithm, DV-HOP, Amorphous algorithm, APIT algorithm. Range-based algorithms include trilateral positioning, triangulation positioning [3] and Taylor series expansion [4] . Range-based algorithms firstly measure the distance between nodes, then calculate the position with the geometric relationship.
Indoor Signal Propagation Model
Indoor signal propagation model refers to the radio waves spreading in the indoor environment. The most commonly used indoor signal propagation models include free space propagation model, two-path mode and logarithmic distance path loss model.
Free Space Propagation Model
Free space signal propagation model is the simplest model of radio propagation. The free space is filled with a homogeneous, linear, isotropic ideal medium infinite space. In free space, ignoring the effects of the multipath effects, signal scattering, NLOS propagation and other factors, loss of signal is only affected by the wave frequency and propagation distance.
Logarithmic Distance Path Loss Model
In actual indoor environment, the signal propagation is affected by noise, multi-path, signal reflection, signal diffraction, NLOS propagation and other factors. For example, RSSI measured at different times at one location will fluctuate within a certain range. In order to show the indoor signal propagation characteristics more precisely, we usually apply logarithmic distance path loss model. The signal propagation can be expressed as: The model is an empirical model, which is more applicable to the actual indoor environment.
Trilateral Positioning
Trilateral positioning is a range-based algorithm. Firstly, we measure the RSSI between target node and anchor node, and then convert the RSSI to the distance according to the indoor signal propagation model. In general, the number of anchor nodes nearby is more than three. Next, we can get the equation of the relationship between target node and anchor nodes. Finally, the location of the target node can be calculated according to the equation [5] . The relationship is shown in Figure 1 . 
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In an ideal environment, trilateral positioning has advantages of high precision, small errors, low complexity, which is an ideal positioning algorithm. However, in actual indoor environment, the indoor environment is complex and signal fluctuations within a certain range, which will introduce the error of distance between target node and anchor nodes. The existence of the error will lead to three circles not intersecting at one point, shown in Figure 2 . In this situation, we cannot get the location of the target node.
Taylor Series Expansion Positioning Algorithm
Taylor series expansion positioning algorithm is proposed by W.H.Foy, based on the Taylor principle of least squares estimation recursive algorithm. The basic principle is: Assuming real coordinate of target node is ( ) , x y , by transferring Eq. 2, we can get Eq. 6.
Assuming the estimated coordinate of target node is ( ) , x y , so we can get the following equations.
After Taylor series expansion in ( ) , x y of Eq. 8, we can get Eq. 9.
Remove the high-order partial derivatives and let: The Eq. 9 can be represented as:
Let:
The Eq. 10 can be represented as :
Let: 
According to the least square solution, the result can be represented as:
Then we can calculate the coordinate of the target node. Taylor series expansion positioning algorithm is sensitive to the initial value. The improper initial value will cause Taylor series not converging and result in the positioning failure. Therefore, we should find an algorithm to provide initial value for the Taylor series expansion. Currently, commonly used algorithms to provide initial value include Chan's algorithm and centroid location algorithm [6] , however, Chan's algorithm has a high complexity and centroid location algorithm is vulnerable to environmental impact.
Co-Location Algorithm Based on Trilateral Positioning and Taylor Series Expansion
To solve the problem of low positioning accuracy of trilateral positioning and being sensitive to the initial value of Taylor series expansion, the paper proposes a Co-Location algorithm based on trilateral positioning and Taylor series expansion. Because the trilateral positioning has error, the circle calculated by the distance cannot intersect at one point, so we can make use of it. The algorithm steps are as follows:
Step1. Setting the locations of anchor nodes ( )
Step2. Measuring the RSSI between target node and anchor nodes.
Step3. According to the indoor signal propagation model, transferring the RSSI into the distance between target node and anchor nodes.
Step4. Calculating the irregular region where the target is according to the distance and the coordinates of the anchor nodes by using trilateral positioning algorithm.
Step5. Calculating the centroid of the irregular region.
Step6. Calculating the coordinate of the target node by performing Taylor series expansion using the centroid of the irregular region as the initial value of the Taylor series expansion.
Test Results
The paper builds an indoor positioning system in a real environment to verify the co-location algorithm. We deploy a certain number of iBeacon anchor nodes in a ten meters long and ten meters wide indoor environment, then set the same transmission power, radio frequency and other parameters for all iBeacon nodes [7, 8] . During the experiment, we use Android phone to collect and record the RSSI and a distance measuring device to record the real distance between target node and anchor nodes, then deal with those data with dirrerent algorithm. Experimental results show the performance of two algorithms and verify the co-location algorithm having a better performance than the trilateral positioning algorithm.
Actual Indoor Environment Signal Propagation Model
In the indoor positioning system, we get the curve between RSSI and distance by repeatedly measuring the RSSI of the same iBeacon at different location. After least squares fitting the curve is shown in Figure 3 . From Figure 3 , we can know that it matches the logarithmic distance path loss model. 
Indoor Signal Intensity Distribution
Due to the movement of people and objects, the indoor environment is complex, so at a fixed location the RSSI is uncertain and fluctuates within a certain range. In order to reduce the error caused by the signal fluctuations, we build the statistical model of the RSSI. After hundreds of measurements, the statistical model is shown in Figure 4 .From Figure 4 , we can know that the model obeys Gaussian distribution, so we can select the mean of the model as the RSSI of this location. 
Performance of Co-Location Algorithm and Trilateral Positioning Algorithm
The performance of the algorithm is shown in Figure 5 , in which the X-axis represents the position error and Y-axis represents the cumulative distribution function of the position error. From Figure 5 , we can know compared to the trilateral positioning, the co-location algorithm improves the positioning accuracy and reduces the positioning error especially at the region where the positioning error is small. More importantly, the co-location algorithm makes the positioning more robust.
Summary
In order to solve the problem of low positioning accuracy of trilateral positioning and being sensitive to the initial value of Taylor series expansion, the paper firstly proposes a Co-Location algorithm. Then, the paper builds an actual indoor positioning system to verify the performance of the Co-Location algorithm. The experimental results show that compared to the trilateral positioning algorithm, co-location algorithm improves indoor positioning accuracy and reduces errors in complex indoor environment in spite of increasing a little complexity, so the co-location algorithm is suitable to the actual indoor positioning.
